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Introduction
Methods of producing renewable transportation fuels are currently the focus of numerous large research efforts across the globe. Renewable fuel produced from algal lipids is one aspect of this research that could have profound implications on future transportation fuel requirements. However, technical challenges remain in several areas of algal-lipid-based fuels. These challenges include the identification and development of robust and productive algal species as well as extraction methods to recover the produced lipids. Not the least of these technical challenges is the conversion of the algae lipids to fungible fuels. This brief literature review focuses primarily on state-of-the-art "downstream" applications of producing fuel from fats and lipids, which can be applied to ongoing research with algaederived lipids.
Algae lipids (oil) are similar to other oils in that three acyl groups are coupled to a glycerol "back bone."
The acyl groups are typically 14-22 carbons in length and have varying degrees of unsaturation from 0 to 6 double bonds. 1 The three acyl groups attached to the glycerol backbone are commonly referred to as triacyl glycerides, or TAGs. There are currently two major routes to producing diesel fuel from TAGs.
First, the most common and commercially practiced method is to remove the acyl chains from the glycerol backbone using methanol as a co-reactant and a homogenous catalyst via a mechanism known as transesterification. Transesterification results in molecules known as fatty acid methyl esters, or FAMEs, which are widely used as biodiesel.
An alternate processing route for producing diesel fuel from algae-derived lipids is through deoxygenation. TAGs can be directly deoxygenated, or hydrolysis of the fatty acid chains could first be performed with subsequent deoxygenation of the fatty acids. FAMEs may also be deoxygenated.
Deoxygenation can be performed through several different mechanisms. Hydrodeoxygenation is a mechanism that utilizes hydrogen to produce saturated alkanes and water as products.
Hydrodeoxygenation can be applied to TAGs, FAMEs, and/or free fatty acids (FFAs). Catalytic decarboxylation of TAGs, FAMEs or FFAs can also be performed, resulting in oxygen removal through the production of CO 2 . The feed stock molecules can also be non-selectively cracked or pyrolyzed.
Regardless of the mechanism, the goal of deoxygenation is to produce hydrocarbon chains without oxygen present. In contrast to FAMEs which contain oxygen present in the ester group, deoxygenated hydrocarbons are expected to be essentially oxygen free.
For clarity, it is important to distinguish between the terms "biodiesel" and "renewable diesel." Knothe 2 recently published a review with an excellent commentary on the usage of these terms. Knothe describes FAMEs as "biodiesel" and oxygen-free hydrocarbons produced by hydrotreating TAGs as "renewable diesel." Similar to Knothe, the current review will use the term biodiesel to describe FAMEs.
In contrast to Knothe, renewable diesel will be used to describe all diesel-range deoxygenated hydrocarbons produced from TAGs, FAMEs or FFAs by any mechanism, including hydrotreating, selective catalytic decarboxylation, cracking or pyrolysis. Green diesel, which is another term that appears commonly in the literature, should be considered analogous to renewable diesel in the current review.
After the initial discussion of terminology, the review by Knothe proceeds into a discussion on the pros and cons of both biodiesel and renewable diesel. Smith et al. 3 also recently published a review on different sources and technologies pertaining to biodiesel and renewable diesel. Other reviews that the authors have found particularly helpful include the discussion on biodiesel by Ma and Hanna, 4 a review on various hydrotreating and cracking methods by Huber and Corma, 5 and the more encompassing reviews by Lestari et al. 6 and Kubickova and Kubicka. 7 These reviews cover a large amount of published data in great detail and are invaluable to those working in the area of oil and lipid conversion to fuels.
Biodiesel
Biodiesel is commercially produced from TAG's with methanol added as a co-reactant and NaOH added as a homogenous basic catalyst. In the conventional process, the lipid feedstock must have very low FFA content because the basic NaOH will cause the FFAs to saponify into fatty acid salts (soap). Ma and Hanna 4 reviewed the production of biodiesel with an emphasis on the transesterification mechanism.
Meher et al. 8 also reviewed the transesterification mechanism for the production of biodiesel. Knothe et al. 9 published an overview of biodiesel with respect to economics, technical challenges and engine performance issues.
An alternative to the transesterification mechanism is the esterification mechanism, which can convert 73 published an early account of the gas-phase decarboxylation of shorter chain (C 7 and C 8 ) fatty acids over Pd and Ni.
More recently, the Murzin group at Abo Akademi in The Netherlands has led a substantial effort on the deoxygenation of FFAs to produce diesel fuel focusing primarily on Pd on carbon catalysts to produce renewable diesel. 71, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] As evidenced by some reports, improvement in Pd-based catalysts in continuous operation may be necessary because some reports suggest they are hindered by rapid deactivation. Maki-Arvela et al. 74 reported that the deactivation of a Pd catalyst while decarboxylating lauric acid may have been due to poisoning by the product gases (CO and CO 2 ) and/or coking. Currently, the best continuous conversion in the literature appears to be about 40% conversion of stearic acid to heptadecane after 92 hr of time on stream at 360°C with a "commercial Pd/C catalyst" as reported by Lestari et al. 76 FFAs may also be partially deoxygenated via ketonization over basic catalysts. Renz 85 recently reviewed this process as it relates to several feeds. The ketonization reaction is a bimolecular process whereby one mole each of CO 2 and water is rejected and a ketone is formed from the original fatty acid molecules. For example, two stearic acid molecules may react to form 1 mole of CO 2 and H 2 O, but the resulting ketone is a symmetrical C 35 ketone. Thus, the resulting hydrocarbon is not completely deoxygenated. Additionally, the C 35 molecule would require further processing such as hydrocracking and isomerization to obtain a diesel-like fuel.
The non-selective removal of oxygen from fats and lipids via pyrolysis or cracking has also been studied. Cracking and pyrolysis reactions, which take place at elevated temperatures between 300-500°C, typically result in a distribution of molecules after treatment with varying amounts of less desirable short chain hydrocarbons. Additionally, many of the reports focused on cracking and pyrolysis mechanisms are performed with the goal of producing a lower boiling range fuel such as gasoline because cracking reduces the chain length and, thus, increases the volatility of the produced fuels.
Summary
Algae-derived lipids hold vast potential as a sustainable source for transportation fuels, especially diesel.
Biodiesel produced by transesterification or esterification reactions as well as renewable diesel produced by deoxygenation mechanisms are both promising methods for transforming the initial algallipid feedstocks into a source of fuel. All of the routes to algal-lipid derived fuel possess unique research challenges. Ensuring that these fuels provide maximum economic, environmental and political impact should continue to be a significant focus of work and collaboration in the future. 
